Objective: Cognitive dysfunction is a core symptom dimension in bipolar disorder and a strong predictor of functional outcomes. Cognitive remediation (CR) produces moderate, durable effects on cognition in patients with schizophrenia; however, studies of CR in patients with bipolar disorder are sparse and findings have been mixed. Thus, the aim of this study was to evaluate the effects of CR versus active control in patients with bipolar disorder with psychosis. Methods: Patients with a DSM-IV diagnosis of bipolar disorder with psychosis (n = 75) were randomized to a 70-hour computerized CR program or a dose-matched computer control using a parallel design with 1:1 allocation between July 2011 and November 2015. Cognition (primary outcome) and clinical and community functioning (secondary outcomes) were assessed at baseline, at treatment midpoint (after 20-25 hours of training), posttreatment, and at durability (after 6 months of no study contact). Participants and assessment staff were blind to group membership. Results: 75 participants were randomly assigned to a treatment group, and 72 participants initiated the active phase of treatment and were included in the primary, intent-to-treat analysis (CR: n = 39; Control: n = 33). Linear mixed effects models examining the effects of CR versus Control at posttreatment showed medium to large effects of CR on processing speed (d = 0.42), visual learning and memory (d = 0.92), and the composite (d = 0.80). Superiority of CR over Control on processing speed (d = 0.65) and composite (d = 0.83) was maintained or increased at durability. CR was not associated with change in community functioning, although cognitive change was associated with functional change across the sample. Conclusions: Cognitive remediation produced significant improvements over an active control in several cognitive domains and the cognitive composite. While both groups improved on several domains relative to baseline, durability of gains was unique to CR. 
C
ognitive dysfunction is a core symptom dimension in bipolar disorder and is a strong predictor of disability, poor quality of life, 1, 2 and longer time to recovery after a first episode. 3 As few as one third of patients achieve functional recovery over time. 4 At least partial disability is reported in approximately 80% of patients with bipolar disorder; as many as 65% of patients are unemployed even after clinical recovery and continue to experience significant disability in daily living and social functioning. 5 Given the association between cognition and functional outcomes, 2,5 the cognitive symptom dimension represents a critical treatment target in bipolar disorder.
Cognitive Deficits in Bipolar Disorder
Patients with bipolar disorder exhibit deficits in memory, executive function, and processing speed that persist during euthymic phases and over time. [6] [7] [8] [9] At the group level, cognitive deficits in patients with bipolar disorder are qualitatively similar to those of patients with schizophrenia and related disorders, 10 and some findings 11 report similar magnitudes of dysfunction, particularly in patients with a history of psychosis. 7, 12, 13 Recent cluster analyses 14,15 report similar cognitive subgroups in bipolar disorder and schizophrenia, including a globally impaired cluster characterized by severe cognitive impairment across domains.
Treating Cognitive Symptoms
Cognitive remediation (CR) is a behavioral intervention targeting the cognitive symptom dimension to improve cognitive functioning. On average, CR paradigms produce moderate, durable effects on cognitive performance in patients with schizophrenia and related illnesses. 16 A recent review 17 reported moderate effects (0.32) of CR on cognition in affective illness, primarily affective psychosis.
Despite considerable overlap in cognitive symptoms between patients with schizophrenia and bipolar disorder, reports of CR outcomes in patients with bipolar disorder are sparse. An open trial of a 14-session CR program for patients with bipolar I disorder I or bipolar II disorder 18 was associated with improved executive
It is illegal to post this copyrighted PDF on any website. 21 This program differed from neuroplasticity-based CR in several ways, including group-based training and an emphasis on role play and instruction. Thus, CR findings are mixed in patients with bipolar disorder, and the heterogeneity of study designs limits both the interpretability of the efficacy of CR in bipolar disorder and the comparability of outcomes to other psychiatric populations.
Inclusion of adequate comparison groups is a particular challenge in CR, as participants and study administrators are aware of the elements of participation by nature of the intervention. Active controls most often involve "open-label" rehabilitative or therapeutic activities. 22 While such controls permit evaluation of the effects of some nonspecific elements of the intervention (eg, hours of study contact), they cannot control for other potentially impactful elements of CR (eg, engagement with computer-based activities; expectancies). Lack of double-blinding presents challenges in interpreting results, 23 as poor masking has been shown to inflate treatment effects. 16 To our knowledge, there are no reported studies attempting to test a "blind" comparison condition in patients with bipolar disorder.
The present study aimed to evaluate the effects on cognition of a randomized, double-blind controlled trial of computer-based CR in patients with bipolar I disorder with a history of psychosis (BDP) compared to a computer control. We chose a CR program (PositScience) that has been shown to be effective in patients with schizophrenia. 24 We hypothesized CR would produce cognitive improvement compared to active control. Our secondary aims were to examine associations between CR and clinical and community outcomes. It was hypothesized that change in cognition but not in clinical state would predict improvements in community functioning. Lastly, we aimed to evaluate whether our active control effectively maintained the blind.
METHODS
This study and all associated procedures comply with the Helsinki Declaration of 1975, as revised in 2008, and were approved by the McLean Hospital Institutional Review Board. Details of the study protocol have been described previously. 22 This project is registered with ClinicalTrials.gov (NCT01470781), and all procedures and reporting follow CONSORT 2010 guidelines.
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Participants
Participants aged 18-50 years with BDP (n = 84) were enrolled through the McLean Hospital Schizophrenia and Bipolar Disorder Program and via fliers posted at the hospital between July 15, 2011, and November 18, 2015. Of the 84 participants enrolled, 75 were randomly assigned to a treatment group and 72 initiated the active phase of the study ( Figure 1 ). All participants had a DSM-IV diagnosis of BDP and were stable outpatients at the time of enrollment. We chose to include only patients with a history of psychosis for 2 primary reasons: (1) to reduce heterogeneity of our sample, given the considerable variability within bipolar disorder generally, and (2) because some literature suggests that a history of psychosis in patients with bipolar disorder is associated with more severe cognitive deficits. Medication exclusions included clozapine, anticholinergic medications, and topiramate due to potential effects on CR response. 26 Other exclusion criteria included DSM-IV-TR substance abuse in the past month or dependence in the past year, history of seizure disorder, or history of head injury with a loss of consciousness. All subjects provided written informed consent after receiving a complete description of the study.
Materials
Cognitive functioning was assessed using the MATRICS Consensus Cognitive Battery (MCCB) ,27 which has been validated for use in patients with bipolar disorder.
10,28 The MCCB includes 10 tasks that measure processing speed, attention, working memory, verbal learning, visual learning, problem solving, and social cognition. Total administration time was 60-90 minutes.
Clinical and community functioning assessment included the PANSS, 29 YMRS, 30 Montgomery-Asberg Depression Rating Scale (MADRS), 31 and an abbreviated version 11 of the Multnomah Community Ability Scale (MCAS), 32 which measures functioning in multiple domains (eg, social, independence, role functioning). A 13-item user feedback survey created for this study measured participants' experience of the CR or Control activities; cumulative scores range from 13 to 65. Participants were then asked to indicate their belief about their study assignment (binary forced choice) and to rate the certainty of their selection.
Procedures
Randomization and masking. Participants were randomly assigned to CR or Control using a parallel (1:1) blocked randomized design, block size of 10. Randomization assignments were generated using a computerized randomization generator; using this prespecified structure, treatment administrators were responsible for assignment. Due to the nature of the intervention, treatment administrators
Clinical Points
■ Cognitive dysfunction is a core symptom in bipolar disorder and a strong predictor of disability and poor quality of life.
■ Cognitive remediation (CR) improves cognition in patients with schizophrenia; however, despite considerable overlap in cognitive symptoms between these disorders, there are few reports of CR outcomes in bipolar disorder.
■ CR produced significant, lasting cognitive change in patients with bipolar disorder, supporting the extension of CR to this population.
It is illegal to post this copyrighted PDF on any website. were not able to remain blind to group assignment; however, assessment staff, investigators, and participants were blind to group assignment. Assessment staff and investigators were never involved in the randomization or treatment administration procedures. The blind was maintained until the final participant completed the durability assessment. CR intervention. The CR protocol involved the BrainWorks programs by PositScience. Games were developed based on a recovery model of neural plasticity, 33 using a "bottom up" approach to train sensory processing during the early weeks of training and adding "higher-order" tasks as the program progressed. Programs self-adjust based on user performance to keep participants working at 80% proficiency. Games include basic auditory and visual perception activities, tasks of divided attention, memory and working memory games, and problem solving games (Supplementary eTable 1). Activities are packaged in a game format, and participants earn points and virtual rewards for correct responses.
Computer control. We developed an internet-based control intervention designed to mirror the CR program in number of training sessions, administrator contact, It is illegal to post this copyrighted PDF on any website.
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Lewandowski et al and format to control for as many nonspecific effects of the CR treatment as possible without involving tasks designed to target the specific cognitive deficits addressed in the CR condition, as previously described. 22 Thus, while participants were engaged in computer games actively, they were not undergoing a structured program designed to strengthen both basic sensory processing and higher order cognitive skills in a systematized way. Briefly, sessions were created and administered via the online interface Sporcle (www.Sporcle.com), a collection of quiz-type activities. Several hundred games were selected to include a broad array of activities including identification activities (eg, identify pictured fruits; name popular logos), content-based activities (eg, label maps; pop-culture quizzes), and timed activities (eg, basic arithmetic). Games were divided into 70 sessions, with activities distributed so that no single session included only 1 type of game. Participants were given "prescription cards" weekly assigning games by session.
Both conditions involved approximately 3 sessions per week over 24 weeks, with a target of 70 sessions. Participants attended 1 session per week at the study site; 2 sessions were completed remotely via internet login. Weekly in-person sessions included a CR or control game session plus a clinical update (CR and Control) and a brief bridging session (CR only), which involved participant and staff discussions regarding participants' application of skills in daily life since the previous session. Administration staff monitored CR and control participant activities remotely via an internet-based administrator account. Reminder calls were offered as needed. Participants earned $5 per completed session.
Assessments were conducted at baseline, at midpoint (after 20-25 hours of training), posttreatment, and at durability (after 6 months of no study contact). All assessments involved completion of cognitive, clinical, and community functioning measures.
Statistical Approach
Groups were compared on baseline demographic, cognitive, and clinical variables using t tests or χ 2 tests. Linear mixed effects models predicting cognitive outcomes by group, time, and the group-by-time interaction were used in this intent-to-treat analysis. The control group and baseline assessment were coded as reference variables for group and time, respectively. Effect sizes of the mean change over time of the treatment group versus control using Cohen d were calculated as d = (Mean Change (treatment) -Mean Change (control) )/SD Change (pooled) . In a supplementary analysis, number of completed sessions was included as a covariate to examine the effects of training hours.
Similar mixed effects models examined the effects of CR on community functioning based on group, time, and the group-by-time interaction. Linear regressions predicting change in MCAS scores from baseline to posttreatment as a function of group, change in cognitive domain (baseline to posttreatment), and group-by-cognitive change interaction were conducted to examine the effects of cognitive change on community outcomes. Similar regressions were conducted using clinical change (in place of cognitive change) to examine effects of clinical change (postbaseline minus baseline) on community function.
Lastly, groups were compared on responses to the user feedback survey using t tests or χ 2 to evaluate tolerability of the activities and maintenance of participant blind.
RESULTS
CR and Control groups did not differ on any baseline characteristics, cognitive scores, chlorpromazine equivalents or lithium dose (Table 1) , total number of medications prescribed at baseline, or proportion of patients on any given class of medication. CR and control participants were taking an average of 2.7 and 3.1 psychiatric medications, respectively. In the total sample, 93% were taking a mood stabilizer, 69% were taking lithium, 70% were taking an antipsychotic, 34% were taking an antidepressant, and 23% were taking a benzodiazepine.
Total in the CR group and 3 in the control group completed fewer than 10 sessions.
Effects of CR on Cognitive Outcomes
Linear mixed effects models revealed significant group-bytime interactions at posttreatment for the cognitive composite and visual learning and memory and a trend for processing speed indicating significant improvements of CR over control (Table 2 ; Supplementary eFigure 1). At durability, we found a significant effect of CR over control for the composite and processing speed and a trend for verbal learning and memory. Effect sizes were in the medium to large range for significant effects and in the medium range for trend-level associations. Including the number of completed sessions; state mania, depression, or psychosis symptoms; or chlorpromazine or lithium equivalents as covariates did not change any of the findings.
Cognitive change scores from baseline to posttreatment and durability are presented in Figure 2 . All significant findings were in the direction of greater improvements for CR compared to Control. In the CR group, standardized change scores showed mean improvements after CR at posttreatment of 0.59 SD in overall cognition and 0.50 SD or greater for processing speed, attention, visual learning and memory, and problem solving. We found additional improvements at durability in the CR group in processing speed, working memory, verbal learning and memory, and the composite. The Control group also showed improvements on several cognitive domains, although of smaller magnitude. At posttreatment, the composite improved 0.22 SD, and improvements in processing speed, attention, working memory, and problem solving were in the 0.3-0.4 SD range. The Control group showed decline from posttraining to durability on most measures.
Effects of CR on Clinical Symptoms and Community Functioning
Mixed effects models showed no effects of CR on any clinical measure or on MCAS scores. Linear regressions predicting change in MCAS from baseline to posttreatment by group, cognitive change, and the group-by-cognitive change interaction showed a significant effect of cognitive change on community functioning in visual learning and memory (B = 0.28, t = 3.08, P = .004) and problem solving (B = 0.19, t = 2.63, P = .01) across the sample. Group-by-cognition interactions were not significant.
Tolerability and Maintenance of the Blind
User feedback data are reported in Supplementary eTable 2. Mean scores of "positively worded" items indicated moderate to high levels of satisfaction, and responses to "negatively worded" items were in the "rarely"-to-"never" range, suggesting good acceptability and tolerability of both conditions. Groups did not differ on any item, the total score, or beliefs about group assignment (χ 2 = 0.33; P = .
85). Approximately
It is illegal to post this copyrighted PDF on any website. 
DISCUSSION
In this randomized, double-blind trial of CR in patients with BDP, CR produced significant effects over control in several cognitive domains including processing speed, visual learning and memory, and the cognitive composite and a trend for verbal learning and memory at the durability assessment, with effects in the medium to large range. It should be noted that these effects were measured against an active, dose-matched, computer-based control condition in order to rigorously test the effects of the CR program against other computer activities. This is the first study we are aware of to extend a neuroplasticity-informed CR paradigm previously shown to be effective in patients with schizophrenia to patients with BDP and to demonstrate its efficacy, and it is also the first to employ a double-blind design in a CR paradigm in patients with BDP.
Effects were not likely due to changes in clinical status or medication over the course of the treatment. Change in YMRS, MADRS, and PANSS scores did not predict change in cognitive functioning in the total sample or by group. Total average medications did not differ by group and were essentially unchanged over the course of the study. In a post hoc analysis, we examined the effects of premorbid IQ on treatment response by including NAART scores in the mixed effects models and found that, while inclusion of premorbid IQ did not substantively change our primary findings, NAART score was positively associated with treatment response in the model (z = 2.04, P = .04), suggesting that cognitive reserve may be an important moderator of response to CR interventions. Future studies should include measures of cognitive reserve and evaluate its impact on treatment response.
The effect on visual learning and memory at posttreatment was stronger than may have been expected based on previous work using this CR program. 24 The version of the CR paradigm we used included activities that explicitly train basic and complex visual processing (see Supplementary Material), interleaved with the auditory training, which may have generated additional benefits in visual learning and memory. Alternatively, it is possible that patients with bipolar disorder show greater gains in visual memory than patients with schizophrenia. Future work is needed to determine whether effects are due to the exercises, or if there are true diagnostic differences in treatment response in visual domains.
Durability of CR in Bipolar I Disorder With a History of Psychosis
While CR produced robust effects on cognition compared to control, the control condition also resulted in improved cognition in several domains. However, only the CR group maintained this higher level of cognitive performance at durability. Most scores and the composite actually continued to improve during the durability period in the CR group, whereas most domain scores and the composite declined from posttreatment to durability in the control group. These findings are consistent with a 1-year follow-up of functional remediation, 21, 35 in which CR was equal to group psychoeducation at posttreatment, but at follow-up gains persisted in the CR group only. The mechanism(s) of action of CR and Control may differ, even when both groups demonstrate short-term cognitive improvement. CR training may set participants on a trajectory for continued gains, which may be due to improved neurobiological functioning, increased engagement in cognitively stimulating activities, or both. Conversely, repetitive engagement in the control activities may have temporarily improved performance, but after cessation of the activities the gains were not maintained. Exploration of the neurobiological mechanisms of action will help to clarify how various "ingredients" act on specific biological and behavioral targets.
Specific Versus Nonspecific Effects: CR Versus Placebo
Our finding that the Control group exhibited improvements-albeit to a lesser extent than CR-in several cognitive domains suggests that nonspecific training elements may also improve cognitive performance. A recent study 23 showed effects of participant expectancies on cognition after a brief cognitive training based on whether the activities were advertised as effective at enhancing cognition or not. These findings suggest that expectanciesperhaps via activation of reward systems 36,37 -may drive improvements in cognitive performance, at least in the short-term. Given findings of placebo effects in CR and the potential for poor masking to inflate treatment response, 16 inclusion of blinded controls is key to our understanding of the efficacy and mechanisms of effect of CR.
Dosing
Optimized dosing is essential to any intervention. In CR, "side effects" of treatment such as fatigue and partial adherence or nonadherence likely increase with dose. Indeed, in this study the top reason given for early discontinuation was the time requirement. However, midpoint assessments indicated that 20-25 hours of training were not enough to demonstrate an effect of CR over control, suggesting that longer duration of CR is needed. Optimization of CR dosing is a critical next step, with consideration of both CR paradigm and patient characteristics. For instance, while multidomain training may not be broadly effective at lower doses, domain specific training may drive change after fewer training hours.
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CR and Community Functioning
Community functioning was associated with change in cognition over time across the sample; however, these effects were not specific to CR. This suggests that improvements It is illegal to post this copyrighted PDF on any website. in community functioning track with improved cognition, regardless of the mechanism of the cognitive change. Our findings are consistent with reports 39-41 that CR paradigms that include explicit rehabilitation elements show better transfer to functional outcomes than programs that offer drill-and-practice only. Alternatively, our measure of community functioning may not adequately tap relevant domains likely to change with improved cognition after CR. More detailed measures will help answer key questions regarding which domains of cognitive improvement are associated with particular community outcomes.
Limitations
There are several limitations of the present study; most notably, the noncompletion rate was high in both groups, reducing power to detect group effects. Thus, findings from this study should be considered preliminary. Nevertheless, we found significant effects of CR on several cognitive domains and effect sizes comparable to or greater than those reported in other studies of CR in both affective illness and primary psychosis. However, high attrition rates also suggest that this intervention may not be well tolerated by a subset of participants. Reasons for noncompletion included practical considerations (transportation/logistical issues), clinical factors (symptom exacerbations), and factors related to the treatment itself (games were frustrating, burdensome). Thus, many critical questions must be answered if we are to create programs that balance tolerability/feasibility with efficacy, including establishing clear dosing guidelines and identifying baseline or in-study factors associated with early discontinuation.
Additionally, in our sample, baseline cognitive scores and premorbid IQ were higher than would be expected based on the literature. Thus, our findings may not generalize to patients with cognitive functioning more typical of this population. However, a meta-analysis 16 of CR in patients with schizophrenia found no association between baseline cognition and cognitive outcomes. Also, our participants were young, with an average duration of illness of 8 years, which may limit the generalizability of our findings. Some findings in schizophrenia 42 suggest that younger patients may benefit more from CR interventions, although a metaanalysis 16 found no effect of age or duration of illness on treatment response. Further work is needed to evaluate the effects of patient characteristics on CR response. Lastly, in keeping with a number of studies in patients with schizophrenia, we failed to find strong evidence of transfer of gains to community functioning. Inclusion of supportive elements such as rehabilitation has been associated with generalization of cognitive gains to functional changes 16,38,43 ; while we did include brief bridging sessions in our CR condition, it is possible that these were not adequate to drive translation of cognitive improvements to broad functional measures. An issue for consideration is the effect of incentives on participation. Our participants were paid a modest amount of money for completed sessions, which may have impacted treatment engagement. The role of motivation and incentives may be of particular importance to implementation in clinical settings.
Our findings indicate that CR is beneficial to patients with BDP and produces significant, durable cognitive change against an active, dose-matched computer control, supporting the extension of this intervention to patients with bipolar disorder to address serious and disabling cognitive symptoms. Additionally, these findings support the implementation of web-based CR, as such treatments appear to be efficacious and offer therapeutic options that are cost effective and afford greater access than traditional clinic-based treatments. 44 Further research is required to maximize transfer effects and to match these cognitive effects to work and leisure skills and other aspects of community functioning in patients with bipolar disorder. 
